ABSTRACT Full-duplex (FD), where the terminal transmits and receives signals simultaneously using the same frequency-band and time-slots, has been treated as one of the potential candidate techniques to enhance the spectrum efficiency of wireless communications. To achieve the maximum transmission rate for FD multiple input multiple output (MIMO) terminal, all antennas equipped on the terminal need to not only work in FD mode, but also in multiplexing mode. However, the most challenging problem in wireless FD MIMO communications is how to efficiently mitigate the self-interference (SI). In this paper, we propose the correlation-based digital mitigation scheme, the positive-negative array-element (PNAE) block, and the fractal array-element-based mitigation approach to mitigate the SI within one antenna. Then, we integrate the FD into the multiplexing MIMO. The large SI among the different antennas and array-elements are mitigated using the proposed adaptive diagonal loading (ADL)-based beamforming SI mitigation scheme. The simulation results verify our theoretical analyses and show that our developed SI mitigation schemes can significantly reduce the SI for FD MIMO.
I. INTRODUCTION
By enabling the simultaneous transmitting and reception using the same frequency-band and time-slots, full-duplex (FD) can significantly boost the spectrum efficiency for wireless communications. It has become one of the potential candidate techniques for future wireless communications and networks [1] - [6] . A number of challenging problems, such as self-interference (SI) cancellation, self-interference adaptive resource allocation, and asynchronous FD coding/decoding, need to be efficiently solved to achieve the exciting double spectrum efficiency for wireless FD communications as compared with the traditional half-duplex communications [7] - [11] .
In past 30 years, the half-duplex (HD) fashion, which is built on the assumption that it is generally not possible for radios to receive and transmit on the same frequency The associate editor coordinating the review of this manuscript and approving it for publication was Jing Liang.
band at the same time because of the SI. Meanwhile the most critical but very fundamental challenge in FD wireless communications is the SI cancellation, which is the power leaked from the local transmitter to the local receiver. Since the SI is much stronger than the received signals from other mobile terminals, it is very difficult to cancel SI completely in wireless FD communications [12] - [14] . The types of SI can be classified into two categories: inter-SI and intra-SI. The inter-SI is the interference leaked from the transmitter into the receiver. The intra-SI is the interference resulted within the transceiver. The inter-SI can be mitigated using multiple antenna resource while the intra-SI can only be reduced using single-antenna based SI cancellation techniques.
In recent years, a number of SI cancellation techniques have been developed to suppress the SI before it saturates the low-noise-amplifier (LNA) [15] - [17] . In [15] , the authors placed two transmit antennas at distances d and d + λ 2 from the receive antenna, where λ is the wavelength of the carrier, thus offsetting the two transmitters by half a wavelength that causes their signals to add destructively. The kind of antenna cancellation scheme uses three antennas. To reduce the antenna number, the authors developed one transmit and one receive antenna using balanced/unbalanced transformer [16] . In [17] , the authors proposed the passive antenna separation, additional radio frequency (RF) chain, and active digital cancelation to reduce the inter-SI. The inter-SI cancelation for FD multiple input multiple output (MIMO) communications was also studied in [18] . The authors of [19] designed and implemented a real-time 64-subcarrier 10 MHz FD orthogonal frequency-division-multiplexing (OFDM) physical layer which achieves 81 dB SI mitigation. Also, 85 dB SI mitigation is achieved in [20] , where a multi-antenna FD OFDM physical layer and an FD media access control (MAC) protocol were designed.
However, due to the size limitation, antenna resource is very important in many kinds of mobile smart products, such as smart phones, smart watches, and smart glasses. Existing works focus on using the electrical balance or complementary metal oxide semiconductor (CMOS) circulator to cancel the intra-SI [21] - [23] . In [21] , the authors reviewed the challenges of providing high transmit-to-receive isolation over wide bandwidths with electrical balance in hybrid junctions while they developed a specified passive isolation scheme by exploiting signal directionality at the antenna port [22] . In [23] , the authors developed a new CMOS circulator, which splits the transmit signal into two paths of an exact π phase difference, to suppress SI. They also proposed a mitigation scheme using radio frequency interference cancellation (RFIC), which can achieve 75 dB SI reduction. However, these circuit-based transmit-to-receive isolation schemes are sensitive to antenna impedance variation in both frequency domain and time domain, limiting the isolation bandwidth and requiring dynamic adaptation.
On the other hand, by equipping a large number of antenna elements at the base station (BS), massive MIMO can lead to high spectrum efficiency [24] - [26] . Through multiplexing mode, the performance of massive MIMO can be significantly enhanced [27] - [30] . In [27] , the joint spatial division and multiplexing technique were proposed for massive MIMO to achieve high multiplexing gains. While the authors of [28] extended their work to millimeter Wave (mm-Wave) channels. Focusing on the estimation for the channel and direction-of-arrival (DOA), the authors of [29] proposed a novel framework that combines the massive MIMO with deep learning while the authors of [30] conducted many valuable experimental results for 3D massive MIMO. Moreover, beamforming is widely studied as a key technology of MIMO because it can observe signals from a particular direction while attenuating the response of signals from other directions [31] - [33] . In [31] , the authors formulated a general notion of robustness for robust adaptive beamforming (RAB) and a unified principle for minimum variance distortionless response adaptive (MVDR) beamforming. Considering the worst-case robust adaptive beamforming problem for general-rank signal model, an inner second-order cone program (SOCP) approximate algorithm was proposed in [32] , while the principles of MVDR RAB were summarized in [33] . Some multiple antennas cancellation techniques have been developed to suppress the SI into the FD MIMO communication [34] - [36] . The authors of [34] used natural isolation, time-domain cancellation, and spatial suppression to mitigate the relay SI in FD MIMO relays. In [35] , the authors presented a time-domain transmit beamforming (TDTB) method for SI cancelation at the RF frontend of the receivers on broadband FD MIMO radios. And the authors of [36] used a massive receive antenna array and massive transmit antenna array together with very low transmit power at the relay station to significantly reduce the loop interference.
Additionally, the estimation for SI channel plays a very important role in FD MIMO [37] - [40] . Based on the statistical knowledge of channels and antenna arrays at sources and destinations, the authors of [37] proposed a low complexity hardware impairments aware transceiver (HIA) scheme. By investigating the beam-domain representation of channels based on the basis expansion model, the authors of [38] proposed a beam-domain FD massive MIMO scheme. In [39] , the scaling behaviors of echo interference and effective channel estimation error were determined. Also, a new interference mitigation framework for the in-band FD massive MIMO was proposed in [40] , which needs only slow timevarying channel information and requires no change to the transmit/receive RF chain circuits. A novel SI channel estimation model for FD bidirectional transmission was presented in [41] , where the estimation period for SI channel is relatively long because the distance between transmitter and receiver is very close such that the SI channel can be considered as the high SNR channel with line-of-sight path.
However, to achieve the maximum spectrum efficiency, the FD MIMO system cannot use partial antenna resource to cancel the inter-SI. Therefore, not only the circuit-based transmit-to-receive isolation, but also the analog domain and digital domain need to be compatible with the multiple antennas and single antenna based SI mitigation. With these goals in mind, in this paper we develop novel SI mitigation schemes for single-antenna 1 and multiple antennas wireless FD communications. Particularly, we develop the correlation based SI mitigation scheme to mitigate the intra-SI and the positivenegative array-element (PNAE) block based SI mitigation scheme to significantly mitigate the inter-SI. With regard to the case of one antenna with multiple PNAE, we mitigate the inter SI among array-elements using the proposed fractal array-element based SI mitigation scheme. Also, we employ the adaptive diagonal loading (ADL) beamforming based inter-SI mitigation scheme to reduce the inter-SI among different antennas. The obtained simulation results verify our theoretical analyses and show that our developed SI mitigation schemes can significantly reduce the intra/inter-SI. The rest of this paper is organized as follows. Section II specifies the PNAE block diagram, the fractal array-element based FD antenna model, and the model of fractal arrayelement based FD multiplexing MIMO. Section III introduces the correlation based digital intra-SI mitigation scheme and derives the expression of the inter-SI mitigation capability corresponding to PNAE. Based on Section III, Section IV proposes the fractal array-element based mitigation scheme, which downgrades the large inter-SI among multiple arrayelements within one antenna. Integrating FD into multiplexing MIMO, Section V proposes the adaptive beamforming based mitigation scheme to reduce the inter-SI among multiple antennas and array-elements. Section VI simulates and evaluates our proposed SI mitigation schemes. The paper concludes with Section VII. Figure 1 shows the block diagram of PNAE, where two arrayelements have the same amplitude and frequency but a phase difference of π. We assume that the array-element connected to circulator C 1 is negative array-element and the other is positive array-element. We refer to this one pair of positive and negative array-elements as a PNAE. Each circulator has three ports (port 1, port 2 and port 3) and the channel from port 1 to port 3 has strong degree of isolation. We denote by x(t) the transmit signal and r u (t) the useful signal. x(t) leaks through the circulators and each array-element receives its own transmit signals from RF, which forms the intra-SI. On the other hand, the positive and negative array-elements cause interferences to each other, forming the inter-SI. Due to the π phase difference, the combination after the two circulators can partially mitigate intra-SI and inter-SI, which guarantees that the partially mitigated SI does not saturate the LNA. Then, we employ correlator to obtain the correlation coefficient between the auxiliary signal generated by the auxiliary channel and the received mixed signal, while the result of correlation is fed back to the control module in the digital domain. By adaptively adjusting the amplitude, phase, and delay of the auxiliary signal in the digital domain, the SI can be efficiently mitigated. The detailed formulations will be described in Section III. Figure 2 shows the fractal array-element based FD antenna model, which consists of I PNAE blocks. The received signal Section IV shows that if the distribution of PNAEs satisfies the specific geometric condition, the inter-SI among PNAEs can be mitigated. Figure 3 shows the multiple antennas model, which is on the top of next page. We assume that M antennas are located in one line and I PNAEs are equipped within each FD antenna with the uniform length d. s 0 (t) denotes the received useful signal, while P and N represent the positive array-element and the negative array-element, respectively. ϕ im (i = 1, 2, · · · , M and i = m) is the angle between the beams corresponding to the ith and mth antenna. In order to better obtain the useful received signal, we employ beamforming based inter-SI mitigation scheme for each antenna to cancel the inter-SI from other antennas. The detail for the scenario with multiple antennas is given in Section V.
II. SYSTEM MODEL

III. SINGLE PNAE BASED SI MITIGATION A. CORRELATION BASED INTRA-SI MITIGATION
Passing through the channels from port 1 to port 2 and the channels from port 2 to port 3, x(t) leaks from the circulators and causes relatively large intra-SI. Considering that the circulators are with good isolation, we omit the SI leaks from port 1 to port 3. On the other hand, each array element receives its own transmit signals from RF, which also causes large intra-SI. The authors of [37] show that before applying SI cancellation, Rician is rational for the wireless SI channels than Rayleigh because the Kullback-Leibler distance obtained from experiment is relatively low for Rician. Thus, in this paper we refer to the Rician channel and call the line-of-sight path as well as the leaking path (port 1 to port 2, then port 2 to port 3) as the direct path. In this section, we take the intra-SI of positive arrayelement, denoted by r intra (t), as an example to introduce the correlation based intra-SI mitigation. r intra (t) can be expressed as follows:
where the main part and scattered part, denoted by r intra,0 (t) and r intra,l (t), respectively, are expressed as follows:
where α 0 (t), θ 0 (t), and τ 0 represent the amplitude gain, phase shift, and delay caused by the main transmit channel, respectively. k ij , ω ij , and ε ij (i, j = 1, 2, 3) are the amplitude gain, phase shift, and delay caused by the channel from port i to port j of C 2 , respectively. k 0 , ω 0 , and ε 0 denote the amplitude gain, phase shift, and delay caused by the line-of-sight path, respectively. For mathematical simplicity, the amplitude gain, phase shift, and delay of the intra-SI corresponding to the direct path are denoted by α 0 (t), θ 0 (t), and τ 0 , respectively. α l (t), θ l (t), τ l represent the amplitude gain, phase shift, and delay corresponding to the lth scattered path, respectively.
The amplitude gain, phase shift, and delay corresponding to the lth scattered path are denoted by α l (t), θ l (t), and τ l , respectively. On the other hand, the auxiliary signal can be designed as follows:
where α c , θ c , and τ c represent the amplitude adjustment factor, phase adjustment factor, and delay adjustment factor, respectively. Then, the auxiliary signal r c (t) and the intra-SI r intra (t) can be sampled as follows:
where T s represents the sampling period. We make crosscorrelattion for the sampled r intra (m) and r c (m) as follows:
Then, the delay of the main part corresponding to intra-SI can be estimated as follows:
The expression of correlation coefficient is given by
By adaptively adjusting the amplitude and phase of r c (t) for multiple times until that the result of Eq. (7) is equal to 1, we employ the subtractor in analog domain to mitigate the main part of the intra-SI. Also, since the intra-SI VOLUME 7, 2019 caused by the imperfect isolation of circulators is correlated with x(t), the intra-SI can be mitigated by the auto-correlation based digital mitigation scheme. Though the digital-domain SI mitigation scheme is designed to cancel intra-SI, it can be extended to inter-SI mitigation by formulating the corresponding auxiliary signal in PNAE based system and the case of multiple antennas.
B. INTER-SI MITIGATION CAPABILITY OF PNAE
The main parts of inter-SIs corresponding to the positive array-element and negative array-element, denoted by r inter,p0 (t) and r inter,n0 (t), respectively, are expressed as follows:
where α p0 (t), θ 0 (t), and τ p represent the amplitude gain, phase shift, and delay, respectively, corresponding to the direct path from negative array-element to positive arrayelement. Similarly, α n0 (t), θ 0 (t), and τ n represent the amplitude gain, phase shift, and delay, respectively, corresponding to the direct path from positive array-element to negative array-element. θ π represents the phase error caused by the phase inverter.τ p andτ n are given as follows:
where ε i and ε c indicate the relative permittivity of cable and circulators, respectively. c represents the speed of light, typically 3 × 10 8 m/s, R c denotes the radius of circulators, L inter,p (L inter,n ) is the cable length of the inter-SI traveled corresponding to the positive (negative) array-element, and d pn is the wireless transmission distance between positive array-element and negative array-element. The inter-SI signals are added in the receiver, forming the residual inter-SI signal s inter (t), which can be written as follows:
Then, the power of s inter (t), denoted by P inter , can be derived as follows: (11) where P s denotes the transmit power and τ pn is defined as follows:
Then, we can obtain the energy of residual inter-SI, denoted by E inter , as follows:
where B denotes the bandwidth of transmit signal and f represents the frequency of transmit signal. Setting the first derivative of Eq. (13) with respective of α p0 and θ π to zero, we have
Then, we have
where sinc(B τ pn ) < 0 if k inter is an odd number and sinc(B τ pn ) 0 if k inter is an even number. Substituting Eq. (15) into Eq. (13), the energy of residual inter-SI can be expressed as follows:
where E 0,inter represents the total energy corresponding to the main part of inter-SI and E N ,inter denotes the total energy of noise. Then, the inter-SI mitigation capability of PNAE, denoted by inter , can be derived as follows [42] :
Specially, if τ pn = 0, the energy of residual inter-SI is equal to zero. Thus, the optimal inter-SI mitigation capability, denoted by inter−opt , can be derived as follows:
IV. FRACTAL ARRAY-ELEMENT BASED INTER-SI MITIGATION FOR MULTIPLE PNAES
The mitigation scheme for inter-SI among array-elements with different polarities is the same as Section III-B. Thus, the purpose of this section is mitigating the inter-SI among array-elements with same polarities. 
where j denotes the imaginary unit, α jp0 (t) (α jn0 (t)) denotes the amplitude gains of the main part corresponding to the inter-SI from the jth positive (negative) array-element, and θ jπ represents the phase error caused by the inverter of the jth negative array-element.
Proof: Because the function r 
where α min jp0 (t) = min{α 1p0 , α 2p0 . . . α Ip0 } and α max jp0 (t) = max{α 1p0 , α 2p0 . . . α Ip0 }. On the other hand,
can be written as Ax(t − τ ip ), where A is a constant and
We define α ip (t) = A α ip (t) and then we have
Similarly, α in (t), τ in , and in can be found to make the following equations hold:
Then, τ ip and τ in in Eq. (19) can be estimated as follows [43] :
where L jp (L jn ) is the cable length of the inter-SI traveled from the jth positive (negative) array-element travels, θ j0 ( θ j0 ) is the phase shift caused by the direct path from the jth positive (negative) array-element to the ith positive (negative) arrayelement, and d jp (d jn ) denotes the propagation distance from the jth positive (negative) array-element to the ith positive (negative) array-element. For L jp = L jn , we can make approximation for τ i,pn as follows:
The residual inter-SI, denoted by s inter,i (t), can be given by
Similar to Section III-B, the energy of residual inter-SI received by the ith PNAE is very small if
where sinc(B τ i,pn ) < 0 if k inter,j is an odd number and sinc(B τ j,pn ) 0 if k inter,j is an even number. Then, the inter-SI mitigation capability for fractal arrayelement based FD antenna, denoted by fractal , is given by
where E i,0 , E i,N , and E i,inter denote the total energy corresponding to the main part of inter-SI, the energy of noise, and the energy of residual inter-SI received by the ith PNAE, respectively. Based on Eq. (23) and E i,inter given by if d jp = d jn , the energy of residual inter-SI is very close to zero. Thus, the optimal inter-SI mitigation capability can be obtained as follows:
Based on Eqs. (24) and (26), we know that the inter-SI mitigation capability of fractal array-element based FD antenna improves as the number of PNAEs increases. Also, the main parts of inter-SI signals among array-elements can be effectively mitigated if we apply uniform geometric distribution for array-elements within the antenna (as shown in Fig. 2 ,
The residual inter-SI can be further mitigated by the digital-domain mitigation scheme which is introduced in Section III-A.
B. CAPACITY ANALYSIS FOR FRACTAL ARRAY-ELEMENT BASED FD COMMUNICATION
In this paper, we focus on analyzing the performance of PNAE block as well as the fractal array-element based mitigation scheme and verify that they can be integrated into multiplexing MIMO. The impact of overhead such as pilot consumption on the capacity of FD communications will be discussed in our future works. Figure 4 shows the system model of fractal array-element based FD communication, where both D 1 and D 2 are configured with I pairs of PNAEs. We define X 1 = [x 1 (t), x 1 (t), . . . , −x 1 (t), −x 1 (t)] T , where the former I elements corresponding to I positive array-elements are x 1 (t) and the latter I elements corresponding to I negative arrayelements are −x 1 (t), as the transmit signals of D 1 . Similarly, X 2 = [x 2 (t), x 2 (t), . . . , −x 2 (t), −x 2 (t)] T is the transmit signals of D 2 . We define h a→b,i p j q as the channel gain from the ith positive (negative) array-element of D a to the jth positive (negative) array-element of D b a, b ∈ {1, 2}, i, j ∈ {1, 2 . . . , I }, p, q ∈ {+, −} .
The signal received by D 1 can be written as follows: (27) (28), as shown at the top of the next page and (31) as follows, respectively.
Similarly, the signal received by D 2 can be written as follows: (32) where y fractal−2 denotes the received signal of D 1 and s 2,fractal−i (t) is the residual inter-SI of the ith PNAE in D 2 .
The noise received by D 2 is denoted by n 2 (t) with variance σ 2 r . Thus, the SINR of D 2 , denoted by η fractal−2 , and the system capacity of D 2 , denoted by C fractal−2 , can be derived by Eq. (29), as shown at the top of the next page, and Eq. (33) as follows, respectively.
The capacity of fractal array-element based FD communication, denoted by C fractal , is derived as follows:
= log 2 1 + η fractal−1 + log 2 1 + η fractal−2 . (34) If we employ uniform geometry distribution for arrayelements within each antenna (as shown in Fig. 2, d 
, the inter-SIs can be perfectly mitigated. Thus, we can achieve the optimal system capacity for fractal array-element based FD communication system, denoted by C fractal−opt , which is given by Eq. (30), as shown at the top of the next page.
V. BEAMFORMING BASED MULTIPLE ANTENNAS INTER-SI MITIGATION A. OPTIMAL BEAMFORMING FOR MULTIPLE FD ANTENNAS WITH MULTIPLE PNAES
We take the mth antenna as an example to introduce our proposed beamforming based Inter-SI mitigation scheme. We assume that s 0 (t) arrives at the mth antenna in the direction ϕ 0m . Simultaneously, there are M − 1 inter-SI signals, denoted by s k (t), arriving at the mth antenna in the direction ϕ km (k = 1, 2, · · · , M −1), respectively. The received signals of the mth antenna, denoted by Y m (t), can be given by
where
denotes the vector of noise and
is the steering vector of the kth inter-SI signal corresponding to the mth antenna and β km can be obtained as the following equation:
The parameter λ is the wavelength of the carrier. Therefore, we can re-write Y m (t) as follows:
where the vector Y i+n (t) represents the inter-SI signals plus noise and is independent of the useful signal s 0 (t). We define the weight vector corresponding to the mth antenna as
Then, the output of the mth antenna, denoted by Y out−m (t), can be expressed as follows:
Then, we can obtain the average power of Y out−m (t) under N (N → ∞) snapshots, denoted by P m (w), as follows:
where R m denotes the covariance matrix of the mth antenna's output. To guarantee the correct decoding of s 0 (t) as well as suppress the inter-SI signals from other M − 1 antennas, we formulate the convex optimization problem, denoted by P1, to minimize the average power of Y out−m (t), as follows:
The Lagrange function of P1 can be given by
where µ denotes the Lagrange multiplier. Setting ∂L(W m ) ∂W m = 0, the optimal weight vector, denoted by W m−opt , can be written as follows:
where β can be obtained by multiplying a H (ϕ 0m ) on both sides of Eq. (42) and we have
Substituting Eq. (43) into Eq. (42), we have
The covariance matrix of useful signal, denoted by R ms , and the covariance matrix of inter-SIs plus noises, denoted by VOLUME 7, 2019 R m,i+n , are derived as follows:
where P s0 is the transmit power of useful signal, P sk denotes the transmit power of the kth inter-SI signal, and I represents the identity matrix. Therefore, the optimal weight vector can be derived as follows [44] :
Based on Eqs. (45) and (46), we can obtain the maximum SINR corresponding to the optimal weight vector as follows:
B. ADL BASED BEAMFORMING FOR MULTIPLE FD ANTENNAS WITH MULTIPLE PNAES
In practice, R m,i+n cannot be directly obtained and is usually estimated under limited snapshots. We denote byR m,i+n the maximum likelihood estimation for R m,i+n under K snapshots, which can be expressed as follows:
However, the weight vector calculated using Eq. (48) will result in the relatively high level of sidelobe in radiation pattern. By adding the specific loading to the diagonal ofR m,i+n , the diagonal loading (DL) algorithm can solve this problem. Nevertheless, the appropriate loading for DL is usually difficult to be obtained. The very small loading cannot effectively suppress the sidelobe while the very large loading may downgrade the SINR. In this subsection, we propose the adaptive diagonal loading (ADL) based beamforming scheme, which provides the adequate loading, not only effectively suppressing the level of sidelobe, but also enhancing the SINR as compared with the traditional DL algorithm. With regard to the mth antenna, combining with Eq. (46), the optimal weight vector corresponding to DL, denoted byŴ m,dl , can be expressed as follows:
where β is a constant and σ 2 dl is the loading. Then, making eigenvalue decomposition for R m,i+n andR m,i+n , the results are
respectively, where 49), we can obtain the optimal weight vector as follows:
The radiation pattern function corresponding to DL, denoted by G Ŵ m,dl , θ , can be derived as follows:
where θ represents the direction,
denotes the antenna gains with weight vector W and θ [44] , and
denotes the antenna gain corresponding to the inter-SI and noise. The level of sidelobe decreases as σ 2 dl increases. However, based on Eq. (54) we know that large σ 2 dl leads to the weak suppression for inter-SI and noise. Thus, to enhance the SINR of the system as well as reduce the level of sidelobe, we propose the ADL based beamforming, which adds the diagonal loading matrix toR m,i+n and is given by
i (i = 1, 2, · · · , I ) satisfies the following equations:
andλ max is the maximum value ofλ i (i = M , M + 1, · · · , I ). Then, the optimal weight vector and the radiation pattern function corresponding to ADL, denoted byŴ m,adl and G(Ŵ m,adl , θ), can be given bŷ FIGURE 5. Intra-SI mitigation using the proposed correlation based digital scheme.
and
respectively.
VI. PERFORMANCE EVALUATIONS
We conduct numerical and simulation experiments to evaluate the performance of our proposed SI mitigation schemes for the FD wireless communications. The parameter settings for the simulation is shown in Table 1 . We make twice simulations to evaluate the proposed correlation based intra-SI mitigation, which is illustrated in Fig. 5 . The combination after the two circulators partially mitigate intra-SI, forming the residual intra-SI, which is further mitigated by the correlation based intra-SI mitigation scheme in digital domain. As shown in Fig. 5 , after the A/D sampling, the power of residual intra-SI can be effectively mitigated by crosscorrelation processing. In particular, the power corresponding to residual intra-SI is further mitigated by about 27 dB at the central frequency 2412 MHz. Figure 6 shows the Inter-SI mitigation capability corresponding to PNAE versus cable errors |L inter,n − L inter,p | when θ π = 0 • and α p0 (t) = α n0 (t) = 0 dB. The larger B corresponds to the more stringent requirement of cable errors. For example, with the cable error of 0.05 m, the inter-SI mitigation capability corresponding to 5 MHz can achieve 55 dB. However, it is downgraded to 43 dB when B is changed to 20 MHz. Figure 7 shows the Inter-SI mitigation capability of PNAE versus the amplitude errors |α p0 (t) − α n0 (t)|. We set L inter,n = L inter,p = 0.2 m and θ π = 0 • for this simulation. We can intuitively know from Fig. 7 that with different bandwidths, amplitudes errors have almost the same impact on inter . For example, the amplitude error 0.03 dB leads to about 27 dB decline of inter corresponding to all curves in Fig. 7 . Figure 8 illustrates the Inter-SI mitigation capability of PNAE versus θ π when L inter,n = L inter,p = 0.2 m and α p0 (t) = α n0 (t) = 0 dB. The impact of θ π on inter becomes smaller as B increases. For example, θ π = 1.2 • makes inter corresponding to B = 5 MHz downgrade by 6 dB, but makes inter corresponding to B = 20 MHz only descend by 1 dB. Figure 9 plots the spectrum of SI strength using different SI mitigation schemes, where B = 20 MHz and the center frequency is 2450 MHz. As shown in Fig. 9 , PNAE can achieve 90 dB SI mitigation at the center frequency, which is larger than the mitigation schemes proposed in [25] , [21] , and [22] achieving 75 dB, 81 dB, and 85 dB SI mitigation, respectively. The inter-SI mitigation capability increases as the number of PNAEs increases. On the other hand, the impact of wireless channel error |d jp − d jn | on inter-SI mitigation capability becomes larger as the number of positive-negative array elements increases. For example, when |d jp − d jn | = 0.15 m, the inter-SI mitigation capability corresponding to I = 3 is downgrade by 4 dB, but the inter-SI mitigation capability corresponding to I = 6 has the decline of 11 dB. Figure 11 shows the system capacity with different number of PNAEs, where B = 20 MHz, |d jp − d jn | to 0.05 m, the wireless amplitude gains of SI is 0 dB, and the wireless amplitude gains of useful signal is -20 dB. As illustrated in Fig. 12 , when SNR is high, the system with one PNAE can achieve the capacity of system with two PNAEs and three PNAEs. Also, the curves in Fig. 11 becomes closer to each other as the number of PNAEs increases. This is because the inter-SI increases as the number of PNAE increases. Figure 12 shows the radiation pattern using different beamforming algorithm. We can know from Fig. 12 that the sidelobe corresponding to DL with the small loading (3 dB) has the highest level. By increasing the value of loading to 10 dB, the level of sidelobe corresponding to DL is effectively reduced. However, the large loading makes null corresponding to inter-SI shallow. As compared with DL, ADL is not only able to make its corresponding radiation pattern close to the optimal radiation pattern, but also the null formed in the interference direction is deeper than that of DL. To further show the performance of ADL, we shows the SINR of system using DL and ADL based beamforming algorithm, which is shown in Fig. 13 . We can know from Fig. 13 that ADL can not only effectively mitigate interference as well as effectively control the level of its sidelobe, but also enhance the SINR of system as compared with DL.
VII. CONCLUSION
In this paper, we developed the correlation based SI mitigation scheme to reduce the intra-SI as well as PNAE based single antenna to mitigate inter-SI. Also, we developed the fractal array-element based SI mitigation scheme to significantly mitigate the inter-SI for multiple PNAEs based single antenna. Moreover, for FD multiplexing MIMO, we developed the beamforming based mitigation scheme to downgrade the large inter-SI between different antennas and array-elements. Simulation results verify theoretical analyses and show that our developed SI mitigation schemes can significantly reduce the intra/inter-SI. 
